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None of the identified 72 motifs revealed a TATA box.
Thus, either A/T richness is the only conserved aspect
of a TATA box, or a true TATA box consensus sequenceSummary
has yet to be defined within its natural chromosomal
context. With this latter possibility in mind, we set outDespite being one of the first eukaryotic transcrip-
tional regulatory elements identified, the sequence of to marshal information relevant to TATA box function
to achieve the following goals: (1) Identify a TATA boxa native TATA box and its significance remain elusive.
Applying criteria associated with TATA boxes we que- consensus sequence for promoters in their natural chro-
mosomal context; (2) classify each S. cerevisiae gene asried several Saccharomyces genomes and arrived at
the consensus TATA(A/T)A(A/T)(A/G). Approximately either TATA-containing or TATA-less; and (3) determine
whether TATA-containing and TATA-less genes have20% of yeast genes contain a TATA box. Strikingly,
TATA box-containing genes are associated with re- distinct physiological modes of regulation.
sponses to stress, are highly regulated, and preferen-
tially utilize SAGA rather than TFIID when compared Results
to TATA-less promoters. Transcriptional regulation in
yeast appears to be mechanistically bipolar, possibly The TATA Box Consensus Sequence
reflecting a need to balance inducible stress-related is TATA(A/T)A(A/T)(A/G)
responses with constitutive housekeeping functions. The unusually high A/T-richness of intergenic/promoter
regions (63% AT in Saccharomyces), the lack of a
Introduction veritable TATA box consensus, and the fact that TBP is
required at genes lacking a TATA box make the task
The TATA box plays an important role in assembling of distinguishing functional TATA boxes from irrelevant
the transcription machinery at promoters (Benoist and TATA-like sequence nontrivial. Our strategy centered
Chambon, 1981). Chromatin might keep TATA boxes around the imposition of several loose constraints under
generally inaccessible until promoter bound activators which a TATA box sequence is expected to operate,
modify local chromatin structure (Struhl, 1999). It is now the rationale for which is presented in the Experimental
becoming clear that transcriptional activators in coordi- Procedures. These constraints include a maximum se-
nation with the local chromatin structure recruit the quence length (8 bp), minimal consensus sequence
TATA binding protein (TBP) to promoters, most likely (TA(A/T)(A/T)NNNN), confined upstream location (200
through interactions with coactivator complexes that to 50, relative to the ATG start codon) compared to
contact TBP, such as TFIID and SAGA (Agalioti et al., surrounding regions, conserved presence across or-
2002; Hassan et al., 2002; Jacobson et al., 2000; Lemon thologous upstream regions in four out of four different
and Tjian, 2000). These complexes then recruit RNA Saccharomyces species, and association with genes
polymerase (pol) II and an entourage of regulatory fac- that are particularly sensitive to mutations along TBP’s
tors, culminating in gene expression (Orphanides et al., DNA binding surface (coregulation). 1024 8-mer se-
1996). Turning off gene expression is equally critical, and quences of the minimal consensus were surveyed as
involves a variety of factors that reverse transcription described in the Experimental Procedures. Several were
complex assembly. Two factors in particular, NC2 and deemed significantly enriched in the promoter region by
Mot1, directly inhibit TBP function. these location, conservation, and coregulation criteria
Not all promoters contain a TATA box. These so-called (Figure 1A). The rank order of all 1024 sequences can
TATA-less promoters nevertheless require TBP for func- be found in Supplemental Tables S1A–S1C (available at
tion (Pugh and Tjian, 1991). Since promoters that contain http://www.cell.com/cgi/content/full/116/5/699/DC1),
a TATA box depend upon it, TATA-containing and TATA- and a summary of selected sequences is presented in
less promoters might direct distinct pathways for as- Table 1. Four sequences were highly significant by each
sembling TBP. Paradoxically, while the use of a TATA of the three criteria, and two were significant by two cri-
box is conserved among all eukaryotes, a wide variety teria.
of sequences can functionally replace a TATA box in Consistent with these top-scoring sequences repre-
yeast, at least in the experimental context of a plasmid- senting bona fide TATA boxes, they are among the high-
borne promoter (Singer et al., 1990). Recently, however, est affinity sites selected by TBP in vitro from a pool of
such sequences were found to be poorly conserved random oligonucleotides (Wong and Bateman, 1994). In
addition, they are among a variety of sequences that
support high levels of transcription in the context of a*Correspondence: bfp2@psu.edu
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Figure 1. Properties of TATA Boxes and TATA-Like Elements
(A) Venn diagram of 8-mer sequences enriched by location, conservation, and coregulation.
Shown is the relationship of those 8-mer sequences (out of 1024 examined) that were significant by the following criteria: location, enriched
in the 200 to 50 region relative to the surrounding 1000 to 200 plus 50 to 1 regions (P-value  0.001); conservation, perfectly
conserved in both alignment and sequence among four Saccharomyces sensu stricto species (P-value  0.01); and coregulation, enriched
in the 200 to 50 region of genes sensitive to mutations (V161E and V71E) on TBP’s DNA binding surface compared to the same region of
insensitive genes (P-value  0.0001). Significance values are presented in Supplemental Table S1 (available on Cell website).
(B) Distribution of the TATATAAA and TATATAAT 8-mer sequences along the upstream region of all S. cerevisiae ORFs.
Location is relative to the ATG translational start codon. The frequency (percentage) of occurrence of each sequence in 50 bp intervals is
plotted. “Random” denotes the combined average of twenty randomly selected 8-mers.
plasmid-borne reporter gene, in vivo (Chen and Struhl, of the cohort, allowing the first half to vary (i.e., NNNN
(A/T)A(A/T)(A/G)) and repeated the analyses. No addi-1988; Harbury and Struhl, 1989). However, no previous
study distinguished these six sequences from a variety tional sequence became enriched, by all three criteria,
to a significance level comparable to the six identifiedof other “TATA-like” sequences, which can behave like
TATA boxes in certain assays, but are not generally above (Supplemental Tables S1D–S1F available on Cell
website). The fact that the eight sequences form a com-utilized by chromosomal genes.
The top six sequences form a cohort of the eight- plete consensus, and that no other consensus sequence
was apparent, indicates that the consensus is fully de-member consensus TATA(A/T)A(A/T)(A/G). Two missing
members are TATA(A/T)ATG. This sequence ends in an fined and that there are unlikely to be other major TATA
box sequences. Minor variants, however, are likely. InATG translational start codon, and thus is expected to be
underrepresented in promoters. Since it is nevertheless comparison to the 72 previously identified DNA motifs
conserved among Saccharomyces species (Kellis et al.,part of the larger consensus that avidly binds TBP, this
sequence was included in the TATA consensus, al- 2003), this TATA box consensus ranks fifth (MCS 
20) in terms of conservation, indicating that it is highlythough it is rarely used.
To be certain all possible TATA-like sequences were conserved. Why it went previously undetected is not
clear.considered, we used the consensus of the second half
It is striking that the eighth position of the TATA box,
which had largely been considered irrelevant, depended
Table 1. Rank Order of TATA Box Consensus Sequences Out of very strongly on having a purine at this position. Figure
1024 8-Mer Sequences Tested 1B shows the frequency distribution along the intergenic
Location Conservation Coregulation region for TATATAAA and a nonconsensus variant at the
eighth position, TATATAAT, which by previous criteriaTATATAAA 1 1 2
would pass as a TATA box. TATATAAT shows little orTATATAAG 2 3 1
TATAAATA 4 2 3 no enrichment between 200 and 50 compared to
TATAAAAG 3 5 5 TATATAAA, and thus is not generally utilized as a
TATATATA 5 29 4 TATA box.
TATAAAAA 6 88 8
TATAAATG 279 62 24
TATATATG 56 307 48 TATA-Containing Genes Comprise Approximately
19% of the Yeast GenomeA complete rank order of all 1024 possible TA(A/T)(A/T)NNNN 8-mers
Having established a TATA box consensus sequencein terms of their location (enrichment in the 200 to 50 regions
of all Saccharomyces genes), conservation in the orthologous up- and implementing strict location and conservation crite-
stream regions of four Saccharomyces species, and coregulation ria (see Supplemental Data available on Cell website),
(enrichment among genes sensitive to TBP DNA binding mutants) 763 (13%) of the 5714 S. cerevisiae genes (Kellis et
can be found in Supplemental Table S1 (available on Cell website).
al., 2003) were definitively classified as TATA-con-
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taining. Less than 2% of all genes contained two or more Chromatin immunoprecipitation (ChIP) studies dem-
nonoverlapping TATA boxes. These strict estimates are onstrate that TBP occupies both TATA-containing and
in contrast to prevailing views that most yeast genes TATA-less promoters (Kuras and Struhl, 1999; Li et al.,
contain TATA boxes and in multiple copies. The discrep- 1999). At TATA-less promoters, other factors might sta-
ancy might be due to biased estimates based upon a bilize TBP binding resulting in a diminished dependency
small number of well-studied genes, chosen based upon on TATA but not diminished occupancy. To assess TBP
properties that tend to be associated with TATA-con- occupancy at TATA-containing and TATA-less promot-
taining genes (see below). ers genome-wide, ChIP experiments were performed on
To experimentally assess the physiological signifi- a strain containing HA-tagged TBP. The resulting TBP-
cance of the assigned TATA boxes, we examined whether crosslinked DNAs were identified by hybridization to
TATA-containing genes were particularly sensitive to intergenic microarrays. Data were normalized to unen-
mutations along TBP’s DNA binding surface. Although riched input DNA cohybridized to the same microarray
both TATA-containing and TATA-less promoters are chip. These chip-on-chip data were highly reproducible
likely to bind TBP, and require TBP for expression, we as shown in Figure 3A. Using a control untagged strain
reasoned that genes having a TATA-box are likely to be as a measure of background (also shown in Figure 3A),
more dependent upon TBP/DNA interactions, and thus about 9% of the genome had TBP occupancy that was
would be more sensitive to mutations along TBP’s DNA measurable above background. Complete data sets are
binding surface. 5714 S. cerevisiae genes were sorted available in Supplemental Table S3 (available on Cell
by their expression sensitivity to dominant mutations website).
(V71E and V161E) along the DNA binding surface of TBP. For further analysis, we focused on genes that did not
Sliding 200 gene windows across the data set were share an upstream region with another gene (i.e., we
examined. For each window, the percentage of genes examined genes transcribed in the same direction as
containing a properly located and conserved TATA box the adjacent upstream gene), so that TBP occupancy
was plotted as a function of average TBP sensitivity could be unambiguously assigned to one gene for each
(fold change in gene expression). As shown in Figure intergenic region. Of these 2369 genes, 9% displayed
2A, more than 50% of the most TBP-sensitive genes higher TBP occupancy in its upstream intergenic region
were classified as TATA-containing, while 8% of the than the control untagged set, which is no different than
least TBP-sensitive genes were designated as TATA- the entire genome-wide set. When further subdivided
containing. Therefore, genes identified solely on the cri- into TATA-containing/TATA-less groups or SAGA-/TFIID-
teria of having an optimally located conserved consen- dominated groups (Huisinga and Pugh, 2004), all had
sus TATA box were highly sensitive to TBP DNA binding similar percentages of genes with high TBP occupancy
mutants, experimentally verifying that bona fide TATA- (Table 2), which confirms that TBP occupies both TATA-
containing genes were identified. containing and TATA-less promoters, and does so re-
As a second means of validating the correct assign- gardless of whether TFIID or SAGA is involved. In con-
ment of TATA-containing genes, we examined whether trast and in line with previous reports on selected genes
a TATA box consensus was a useful predictor that an (Kuras and Struhl, 1999; Li et al., 1999), few lowly tran-
adjacent open reading frame was a bona fide gene. We scribed genes had high TBP occupancy, while many
calculated the frequency of TATA-containing genes as highly transcribed genes had high TBP occupancy.
a function of gene quality (“geneness”, Lieb et al., 2001), However, when examined over an entire data set (2005
which takes into account codon usage, MIPs classifica- genes), the trend was modest (Figure 3B), suggesting
tion, expression data, and other criteria. As shown in that at most genes TBP occupancy level is not the prime
Figure 2B, the percentage of TATA-containing genes determinant of transcription frequency.
drops precipitously as the gene quality score decreases
below zero. This correlation demonstrates that the TATA
TATA-Containing Genes Are Highly Regulated bybox consensus is preferentially associated with func-
Nucleosomal and TBP-Targeted Mechanismstional genes and thus is likely to be functional as well.
The final goal of this study was to determine whetherSince genes that were particularly sensitive to muta-
TATA-containing and TATA-less genes are distinctlytions along TBP’s DNA binding surface displayed a
regulated. We examined whether the two classes ofstrong tendency toward having a TATA box (Figure 2A),
genes differ in a variety of gene properties (e.g., genomicwe used this sensitivity as criteria for identifying addi-
location, expression level, responsiveness to stress, andtional S. cerevisiae genes that are likely to have a TATA
regulation). Genes were sorted by their property value,box, but did not meet the strict conservation and loca-
and 200 gene-sliding windows across each data settion criteria, described above. Typically, for these genes
were examined. For each window, the percentage ofone to three of the four orthologous upstream regions
genes regarded as TATA-containing was plotted as aamong the Saccharomyces sensu stricto species con-
function of the window’s average property value. Sev-tained a consensus TATA box and/or a single nucleotide
eral notable relationships are presented in Figure 4.variant. These single nucleotide variants might repre-
P-values associated with the relationships and addi-sent sequencing errors or rarely used bona fide TATA
tional comparisons can be found in Supplemental Tableboxes. Utilizing this TBP coregulation criteria, an addi-
S4 (available on Cell website). Curves that significantlytional 318 genes were designated as TATA-containing,
exceed the genome-wide average of 19% reflect a ten-bringing the total estimate of TATA-containing genes to
dency for those genes to have a TATA box. Curves that1081 (19% of the genome). The remainder, approxi-
dip significantly below 19% reflect a greater tendencymately 80% of the genome, is therefore classified as
TATA-less. for those genes to be TATA-less.
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Figure 2. Physiological Validation of Classi-
fying Genes as TATA-Containing
(A) Frequency of TATA-containing genes among
genes with varying sensitivity to TATA bind-
ing defective TBP mutants. Fold changes in
gene expression (log2 scale) in a strain sub-
jected to a brief (45 min) production of TBP
mutants V161E or V71E in an otherwise wild-
type background (Chitikila et al., 2002), were
sorted. The percentage of genes classified
as TATA-containing (using the location and
conservation criteria only) in each sliding 200
gene window was plotted. Each window was
moved in one gene increments, and a smooth
fit of the data is shown. The dashed line indi-
cates the genome-wide average (13%) for
this data set.
(B) The presence of a TATA box consensus
sequence in the 180 to 70 region of 6278
S. cerevisiae ORFs present in SGD (as of Jan-
uary 2003) was determined. The frequency of
these “TATA” containing genes was plotted
as a function of “geneness” (Lieb et al., 2001).
When gene location along chromosomes was exam- region, might be highly evolving as well. To address this
possibility, we examined a gene expression data setined, a relatively high frequency of TATA-containing
genes were found within 30 kilobases of telomeres (Fig- that compared genome-wide expression in a strain sub-
jected to glucose-limited growth for 250–500 genera-ure 4A). The greater dependency of genes in this region
on TATA boxes might reflect a greater need to counter- tions to a strain grown for 10–15 generations under iden-
tical conditions (Ferea et al., 1999). As shown in Figureact histone-mediated repression, which predominates
in subtelomeric regions. Recently, subtelomeric regions 4B, genes whose regulation evolved the most to accom-
modate the long-term limiting carbon source displayedhave been found to be highly evolving compared to the
rest of the genome (Kellis et al., 2003), suggesting that a strong bias toward having a TATA box. This raises
the intriguing possibility that genes, which are underTATA-containing promoters, which are prevalent in this
Yeast TATA Boxes
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Table 2. Percent of Various Gene Sets that Have High TBP
Occupancy
% with high TBP
Group Na occupancy P-value
None 2369 9
TATA-containing 520 8 6  1001
TATA-less 1834 9 7  1001
SAGA-dominated 222 9 9  1001
TFIID-dominated 2074 8 4  1001
Lowly transcribed genes 320 2 5  1006
Highly transcribed genes 239 21 2  1009
Lowly and highly transcribed genes correspond to those genes in
the extreme 5 percentile of transcription frequency as defined by
(Holstege et al., 1998).
a Number of genes in each group that do not share their upstream
intergenic region with another protein-coding gene. The analyzed
data set has 9% of genes designated as having high TBP occupancy
(average log2 (TBP/input)  1.5).
mental Response or Environmental Stress Response
set, Causton et al., 2001; Gasch et al., 2000) were TATA-
containing, whereas only 6% (P-value  1014) of the
commonly stress-inhibited genes were TATA-contain-
ing. Both are significantly different from the genome
wide average of 19%. Many of the stress-inhibited genes
tend to be general housekeeping genes (Causton et al.,
2001; Gasch et al., 2000), which is consistent with the
anecdotal observations that housekeeping genes tend
to be TATA-less.
It is generally thought, but has not been verified on a
genome-wide scale, that transcription is restricted in
large part by nucleosomal occlusion of the TATA box
(Struhl, 1999), and that the highly regulated amino termi-
nal tails of histones H3 and H4 play an important role
in regulating TATA box accessibility. Consistent with
this notion, genes that are inhibited most by either his-
tone H3 or H4 tails (i.e., derepressed upon tail deletion)
showed a strong tendency toward having a TATA box
Figure 3. Genome-Wide Occupancy of TBP at Yeast Intergenic
(Figure 4E). Genes that are negatively regulated by his-Regions
tones also tend to be inhibited by the Ssn6-Tup1 com-
(A) Independent replicates of TBP chip-on-chip measurements nor-
plex, which interacts with deacetylated histone tails andmalized to input DNA are plotted on a log2 scale in arbitrary units.
histone deacetylase Hda1 (Davie et al., 2002; Edmond-The relative values associated with a subset of individual genes
were verified by standard PCR-based ChIP. son et al., 1996; Watson et al., 2000; Wu et al., 2001).
(B) TBP ChIP values are plotted as a function of transcription fre- Consistent with this relationship, genes that are most
quency as determined by Holstege et al. (1998). Similar results were inhibited by Ssn6-Tup1 or Hda1 tend to be TATA-con-
obtained if steady-state mRNA levels, determined under the growth taining (Figures 4E and 4F).
conditions of the ChIP assay, were used (data not shown).
General transcriptional regulators can be classified
into three broad groups: those that regulate chromatin,
TBP, and pol II. We examined transcriptional regulatorsselective evolutionary pressure, tend to utilize a TATA
box, perhaps reflecting the need for greater flexibility belonging to each of these groups to ascertain whether
any displayed a preference to regulate TATA-containingin gene expression. Consistent with this notion, TATA-
containing genes tend to be among the most and least versus TATA-less genes. When a variety of chromatin
regulators were examined, we saw four general typesexpressed genes transcribed by Pol II (Figure 4C).
We next looked for differential sensitivity of TATA- of response, reflecting a tendency of individual factors
to preferentially regulate TATA-containing promoters ei-containing and TATA-less genes to environmental stress
factors such as heat and starvation. In all cases, genes ther positively, negatively, both, or neither compared to
TATA-less genes (Figure 4F). In general, TATA-con-that were most upregulated during heat stress, diauxic
shift, or sporulation were strongly biased toward the taining genes appear to be subjected to greater regula-
tion by specific chromatin remodeling factors thanTATA-containing class (Figure 4D, right side). The same
was not observed for stress-inhibited genes (Figure 4D, TATA-less genes, which is consistent with greater nucleo-
somal regulation of TATA-containing genes.left side). In fact, 50% (P-value  1035) of the genes
previously designated as induced during a wide variety Next, TBP regulators were examined, including the
TAF1 subunit of TFIID, the Spt3 subunit of SAGA, theof environmental stresses (part of the Common Environ-
Cell
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Figure 4. Properties of TATA-Containing and TATA-Less Genes
The frequency of TATA-containing genes among genes with changing property values was calculated for each sliding 200 gene window, as
described in Figure 2. See Supplemental Figure S3 (available on Cell website) for representative plots of individual data points. Here, TATA-
containing genes include those defined by the location, conservation, and/or TBP coregulation criteria, corresponding to 19% of all genes
(dashed lines). Average fold change in gene expression (log2 scale) was obtained using microarray experiments from the following sources:
(B) 250–500 generations in low glucose media (average of all experiments, Ferea et al., 1999); (C) expression intensity (microarray spot intensity
averaged from 32 experiments; Huisinga and Pugh, 2004); (D) diauxic shift (19 hr, DeRisi et al., 1997), sporulation (9 hr, Chu et al., 1998), and
amino acid starvation (15–30 min average, Hardwick et al., 1999); (E) histone H3 (1–28) and H4 (2–26) (Sabet et al., 2003), and tup1 (DeRisi
et al., 1997); (F) rsc30 (Angus-Hill et al., 2001), swi2(K798A) (Holstege et al., 1998), hos3 (Bernstein et al., 2000), and hda1 (Bernstein et
al., 2002); (G) mot1-14 (Dasgupta et al., 2002), bur6-1 (Cang and Prelich, 2002), TBP(F182V) (Chitikila et al., 2002), spt3 (Huisinga and Pugh,
2004) and taf1ts2 (Holstege et al., 1998); and (H) tfa1-1, srb5-1, srb10-3, and med6ts (Holstege et al., 1998).
Bur6 subunit of NC2, and Mot1. Strikingly, TAF1-inde- Mot1 and the Bur6 subunit of NC2 are negative regula-
tors of TBP (Auble et al., 1994; Prelich, 1997). The TBPpendent genes, which are those least affected by inacti-
vation of a taf1 temperature-sensitive allele, had a very F182V mutation eliminates interactions with NC2 (Cang
et al., 1999). Genes which are most inhibited by Mot1,high proportion designated as TATA-containing. As
shown on the right side of the taf1-2 curve in Figure 4G, Bur6, or TBP interactions at F182 were found to be
highly enriched in the TATA-containing class (Figure 4G),as much as 70% of TAF-independent genes were TATA-
containing. In contrast, TAF1-dependent genes were suggesting that Mot1 and NC2 selectively target TATA-
containing but not TATA-less genes for negative regula-biased toward being TATA-less (Figure 4G, left side of
curve). Similar results were obtained with other TAF sub- tion. This is consistent with findings that Mot1 does
not inhibit transcription directed by TFIID (Chicca etunits of TFIID (Supplemental Figure S3 and Supplemen-
tal Table S4 available on Cell website). The direct rela- al., 1998), and that positive transcriptional regulation by
SAGA is highly correlated with negative regulation bytionship between TAF-independency and the presence
of a TATA box suggests that TFIID functions largely, Mot1 and NC2 (Huisinga and Pugh, 2004).
We examined a number of pol II regulators includingalthough not exclusively, at TATA-less promoters, per-
haps to stabilize TBP binding in lieu of a TATA box. In TFIIE, Srb5, Srb10, and Med6. With the exception of
Srb10 (and Med2, data not shown), none of these factorscontrast to TFIID, Spt3-dependent genes had a high
proportion designated as TATA-containing (Figure 4G, displayed the type of biased regulation observed with
TBP regulators and is consistent with the involvementleft side of the spt3 curve). Since both TAF1 and Spt3
are thought to direct TBP to promoters, these findings of these general transcription factors in the expression
of genes regardless of whether they have a TATA box.suggest that TFIID predominantly delivers TBP to TATA-
less promoters, whereas SAGA predominantly delivers Genes negatively regulated by the Srb10 subunit of the
mediator contained a high proportion of TATA boxes.TBP to TATA-containing promoters. However, it is clear
that each can partially compensate for the loss of the This is consistent with Srb10’s role in downregulating
stress-induced genes (Holstege et al., 1998), which weother at most if not all genes (Huisinga and Pugh, 2004;
Lee et al., 2000), indicating that TFIID and SAGA are not find to be largely TATA-containing (Figure 4D). Taken
together, a variety of genome-wide expression studiesrestricted to their predominant target genes.
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paint a common theme of TATA-containing promoters
being involved in stress responses and highly regulated
in ways that are consistent with how the relevant tran-
scriptional regulators work. This remarkable concor-
dance provides further support for the correct assign-
ment of TATA-containing and TATA-less genes
The TATA Box and SAGA Are Tightly
Connected to Stress Responses
Revealing a Bipolar Genome
Findings presented in Huisinga and Pugh (2004) indicate
that the yeast genome may have two distinct gene regu-
latory objectives. A small portion of the genome (10%)
appears to be dedicated to a variety of stress responses
and is highly regulated by a variety of chromatin, TBP,
and pol II regulators, whereas a large portion (90%)
appears to play a housekeeping role and is generally
less regulated. As shown in Figure 5A, a Venn diagram
reveals a significant overlap between SAGA regulation
and the presence of a TATA box, which significantly
overlap with genes that are commonly induced by a
variety of environmental stresses. As these general stress-
induced genes exclude stress-specific genes, it is likely
that other SAGA- and/or TATA-regulated genes respond
to specific stresses.
These SAGA/TATA/stress and TFIID/TATA-less/house-
keeping relationships are further borne out upon com-
parison to published promoter occupancy (ChIP) data
(Table 3). Of the genes that have been previously desig-
nated as TFIID-regulated or SAGA-regulated/TAF-inde-
pendent by ChIP, 36 out of 37 had a corresponding
match as either TATA-less or TATA-containing, respec-
tively. Most of the SAGA-regulated/TAF-independent
genes also appeared to be involved in a variety of stress
responses (e.g., heat, osmotic, sporulation, and carbon,
nitrogen, or phosphorous starvation). Therefore, both
expression and direct binding assays confirm the asso-
ciation of SAGA with TATA boxes and stress, and TFIID
with TATA-less promoters and housekeeping functions.
To further examine whether the yeast genome is parti-
tioned into two distinct regulatory extremes, cluster
analysis was performed on all genes (rows in Figure 5B),
comparing stress responses, dependency on various
general transcriptional regulators, and the presence or
absence of a TATA box (columns). A K-means algorithm
was used to generate two, three, and four clusters of
genes. The predominantly red clusters reflect those
genes that tend to be stress-induced, but are otherwise
negatively regulated by chromatin- and TBP-directed
Figure 5. Bipolar Behavior of the Yeast Genomefactors. Green reflects positive regulation by the indi-
(A) Venn diagram relating genes that contain a TATA box, are SAGA-cated factors. With one exception, Bdf1, the relative
dominated (Huisinga and Pugh, 2004), or are members of the com-trend extending down each column (treatment) and
mon environmental stress-induced set (Gasch et al., 2000).
across multiple clusters was similar in all columns, es- (B) Selected expression array data sets for approximately 5500 cur-
sentially making a single transition in the same direction rently acknowledged yeast genes were subjected to cluster analysis
using Cluster and Treeview (Eisen et al., 1998). Green representsfrom one regulatory extreme (or color) to another. Princi-
increased expression, red a decrease, and black no change uponple component analysis (data not shown) of these data
either the indicated treatment or inactivation of the indicated proteinreveal one significant component having two well-sepa-
(or protein domain). Columns marked “SAGA” and “TATA” corre-rated extremes. That there are two clear extremes is
spond to genes (marked in green) that were classified as SAGA-
visually evident in Figure 5B. Further clustering of the dominated (Huisinga and Pugh, 2004) and TATA-containing, respec-
data into three and four clusters did not reveal any fur- tively. Array data (columns) were clustered using a hierarchical
algorithm while genes (rows) were clustered by a K-means algo-ther subdivisions that are not evident from two clusters
rithm, where K  2, 3, or 4 as indicated in each subpanel.(with the exception of Bdf1). These findings suggest that
regulation of most yeast genes can be described by
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stress or is stress-inhibited, and displays less depen-Table 3. Comparison of TATA/TATA-Less Classification with ChIP
dence on SAGA and a TATA box, and more dependenceDataa
on TFIID. Interestingly, the loosely associated bromodo-
Expression
main component of TFIID, Bdf1, appeared to play doubleGene TATA Classb (Percentile)c ChIPd
duty, being stimulatory toward the TFIID/TATA-less
TFIID-Regulated group and inhibitory toward the SAGA/TATA group, the
implications of which are discussed in a recent paperACT1 TATA-less 98 high TFIIDf,g
ARF1 TATA-less 96 high TFIIDg (Huisinga and Pugh, 2004).
EFT2 TATA-less 96 high TFIIDg
RPL2B TATA-less 97 high TFIIDh
DiscussionRPL5 TATA-less 96 high TFIIDg
RPL9A TATA-less 99 high TFIIDg
The findings presented here demonstrate that by pullingRPL18B TATA-less 96 high TFIIDh
RPL19B TATA-less 99 high TFIIDh together several loose criteria, which include a restricted
RPL25 TATA-less 94 high TFIIDf upstream location, conservation across species, and
RPL26A TATA-less 88 high TFIIDh coregulation expression data, elusive DNA regulatory
RPS5 TATA-less 97 high TFIIDf
sites can be unambiguously identified. The TATA boxRPS8A TATA-less 92 high TFIIDg
promoter element has been largely assumed to be con-RPS11A TATA-less 91 high TFIIDh
fined to a generally A/T-rich sequence with few otherRPS11B TATA-less 99 high TFIIDh
RPS13 TATA-less 93 high TFIIDh constraints. However, we find that six of the eight mem-
RPS22B TATA-less 99 high TFIIDh bers of the TATA(A/T)(A/T)A(A/T)(A/G) consensus se-
RPS30 TATA-less 91 high TFIIDf quence serve as the major TATA box elements in Sac-
TRP3 TATA-less 89 high TFIIDg
charomyces. The other two are likely to be under severeVTC3 TATA-less 74 low TFIIDe,h
negative selection, since they end in an ATG transla-
SAGA-Regulated or TAF-Independent tional start codon.
ADH1 TATA 72 low TFIIDe,f,g,i Several observations provide experimental verifica-
AHP1 TATA 97 high SAGA (Spt20)j tion for the correct assignment of TATA boxes to genes.
ARG1 TATA 94 high SAGA (Spt7)k First, genes identified as TATA-containing solely by the
BDF2 TATA 71 low TFIIDe,h location and conservation of the TATA box consensus
CTT1 TATA 54 low TFIIDg
sequence are more sensitive to mutations along TBP’sFBA1 TATA 97 low TFIIDg
DNA binding surface than the rest of the genome. Sec-GRE2 TATA 56 high SAGA (Spt20)i
PGK1 TATA 98 low TFIIDf,g ond, the presence of a TATA box correlates to gene
SSA4 TATA 79 low TFIIDg quality scores, reflecting the absence of a TATA box
TDH3 TATA 95 low TFIIDg upstream of more than 500 open reading frames that
PHO84 TATA 35 low TFIIDe,h are now rejected as bona fide genes. Third, distinct
PHO5 TATA 79 high SAGA (Ada2)m
regulatory mechanisms predominate at TATA-contain-PYK2 TATA 59 low TFIIDg
ing and TATA-less promoters, which is unlikely to haveSED1 TATA 64 low TFIIDf
HSP12 TATA 99 low TFIIDg arisen fortuitously. Fourth, ChIP studies demonstrate
HSP104 TATA 97 low TFIIDg that TATA-containing and TATA-less promoters recruit
SSA3 TATA 38 low TFIIDg distinct TBP complexes, implicating the TATA element
GAL1 TATA 3 low TFIID (galactose)e,f in selective recruitment of particular TBP complexes.
high SAGA (Spt3)l
When compared to TATA-less genes, TATA-con-
a The data source is the same as in Table 2 of Huisinga and Pugh, taining genes are characterized as having a propensity
2004, but instead reports the presence or absence of a TATA box. for being subtelomeric, expressed at extremely high or
bADH1, ARG1 and SSA3 were originally declared TATA-less. How-
low levels, stress-induced, and under evolutionary se-ever, after inspecting their upstream region it became clear that
lective pressure. With one important exception, they areADH1 has a TATA box, but an orthologous intergenic region was
highly regulated by nucleosomes, chromatin regulators,missing from one of the aligned species. ARG1 and SSA3 each have
a well-positioned TATA box consensus or a single-nucleotide variant and TBP regulators compared to TATA-less genes. Sur-
in all four orthologs and thus were declared TATA-containing. prisingly, TFIID, which is the cell’s main positive regula-
cPercent rank of mRNA level determined in (Huisinga and Pugh, tor of TBP, functions largely although not exclusively at
2004).
TATA-less promoters. TAFs within TFIID might stabilizedBased upon the indicated reference. The immunoprecipitated sub-
TBP at promoters, thereby eliminating dependency onunit is indicated in parentheses. For TFIID, several TAFs were used.
TBP-TATA interactions. In contrast, the functionally re-eSAGA is required for TBP binding to these genes (Bhaumik and
Green, 2002). lated SAGA complex appears to be directed largely at
f(Li et al., 2000); g(Kuras et al., 2000); h(Mencia et al., 2002); i(Bhaumik TATA-containing genes.
and Green, 2002); j(Proft and Struhl, 2002); k(Swanson et al., 2003); The findings presented here and elsewhere (Huisinga
l(Larschan and Winston, 2001); m(Barbaric et al., 2003).
and Pugh, 2004) reveal a bipolar yeast genome having
two major regulatory objectives. The first is devoted to
basic housekeeping functions of the cell (e.g., protein
synthesis, cell growth, and general metabolism). Beingvarying contributions of two distinct mechanisms. One
mechanism is induced by stress with the aid of SAGA expressed at near steady levels, housekeeping genes
might require little regulation, and a simple activator/and a TATA box (among other factors), but is otherwise
inhibited by certain regulators of chromatin, TBP, and TFIID/polymerase architecture might suffice. It is also
reasonable to expect that the entire genome is arrangedpol II. The other mechanism is generally unaffected by
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sequences. This covers all variants except in the first through fourthTable 4. Contingency Table Used to Construct the
positions. Once a consensus for the 3 half was established, thenMantel-Haenszel Test
an additional 2048 sequences (NNNN(A/T)A(A/T)(A/G)) correspond-
IN OUT Total ing to degeneracy of the 5 half was examined.
LocationYAL001C
The third constraint required the enrichment of the 1024 sequences
TATAGAGC N11 N12 R1 in the 200 to 50 region (relative to the ATG translational start
All other 8mers N21 N22 R2 site) compared to the surrounding region (1000 to 200 plus 50
Total C1 C2 T to 1), since this is where previously identified TATA boxes tend
to dwell (Zhu and Zhang, 1999).N is the number of times the element(s) appears in the IN or OUT
Conservationregion for a particular gene. R, C, and T represent row, column, and
The fourth constraint looked at 8-mer sequence conservationtable totals, respectively.
among the sequenced Saccharomyces genomes (Cliften et al., 2003;
Kellis et al., 2003). These sensu stricto species are sufficiently diverged
that irrelevant intergenic sequences have changed detectably, while
important motifs have remained fixed. Thus, conservation of se-in this default configuration, inasmuch as TFIID can
quences over these species is indicative of physiological importance.
function at SAGA-regulated genes when SAGA is absent Coregulation
(Huisinga and Pugh, 2004; Lee et al., 2000). In the fifth constraint, we examined whether any of the 8-mer se-
The second major regulatory objective is to contend quences were enriched in the upstream region of genes whose
expression is particularly sensitive to TBP mutations that disruptwith environmental stress, such as that imposed by envi-
TATA binding. All genes are likely to require TBP and in principleronmental extremes (osmolarity, pH, radiation, and tem-
might be equally sensitive to TBP DNA binding mutants. However,perature); destructive molecules (free radicals, toxins,
we reasoned that the dependence of true TATA box-containingand parasites); and starvation (lack of available carbon,
genes on a TATA box reflects a greater dependence of gene expres-
nitrogen, oxygen, sulfur, or phosphorous). Certain genes sion on specific TBP-DNA interactions than TATA-less genes, and
that respond to such stresses might need to be kept off thus should display greater sensitivity to TBP DNA binding mutants.
or expressed at low levels in the absence of stress, Our previous genome-wide expression studies indicated that a sub-
set of the genome is particularly sensitive to dominant TBP-DNAthen induced to high levels of expression in response
binding mutants (Chitikila et al., 2002). The enrichment test utilizedto specific stress signals. Other stress-related genes
the TBP mutants V161E and V71E. We chose these mutants sincecould be quite active even under normal growth condi-
they appear to be primarily defective in DNA binding and less defec-
tions. The studies presented here and elsewhere (Hui- tive in other regulatory interactions (Chitikila et al., 2002). This fifth
singa and Pugh, 2004) suggest that organisms have constraint was largely confirmatory in that the TATA box consensus
evolved a complex armada of regulatory mechanisms became evident even in the absence of these criteria.
Application of these constraints is described below. The resultsfor stress-induced genes that involve regulators of chro-
are presented in Supplemental Table S1 (available on Cell website),matin, TBP, and pol II.
and summarized in Table 1.From this perspective, it is important to emphasize
two points. First, our findings suggest that most gene
regulation involves contributions from both regulatory Determination of a Consensus TATA Box
mechanisms rather than just one or the other. Second, Upstream Distribution of 1024 8-mers Having
the presence of a TATA box does not necessarily confer a TA(A/T)(A/T)NNNN Consensus
Sequences located between 1000 and 1 of 6280 S. cerevisiaestress-responsiveness. Rather it is likely to be part of
ORFs were downloaded from the Stanford Saccharomyces Genomean ensemble of factors, including SAGA and others,
Database, SGD (January 2003). The number of times that each ofwhich elicit high transcriptional activity as directed by
the 1024 permutations of TA(A/T)(A/T)NNNN appeared in the 200gene-specific stress-activated transcriptional activa-
to 50 region is listed in Supplementary Table S1A (“IN”; available
tors. Responses to environmental stress likely involve on Cell website), along with the number in the combined region
complex signal transduction processes that are fun- between1000 to200 and50 to1 regions (“OUT”). Enrichment
neled into gene-specific activators and repressors, of each sequence in the IN region compared to the OUT region was
determined by the Mantel-Haenszel test (indicated as “T5-STAT”),which are responsible for orchestrating the dynamic in-
and is described in detail below. This test takes into account gene-terplay of these coregulators. Because these regulatory
to-gene differences in AT richness (and hence 8-mer abundance)processes are highly conserved among eukaryotes it
by comparing the frequency of a particular 8-mer against all otherseems likely that the underlying phenomena are applica-
8-mers within a particular gene. The Mantel-Haenszel test was per-
ble to higher eukaryotes as well, perhaps involving other formed iteratively on the top scoring 20 sequences, masking the
types of highly regulated responses in addition to stress. top scoring sequence in each round. This iterative process was
performed to eliminate those 8-mer sequences that scored high by
Experimental Procedures virtue of physically overlapping or “tagging along” with higher scor-
ing 8-mer sequences. P-values are also reported and were adjusted
Rationale for Imposing Constraints on Putative using the step-down Bonferroni procedure.
TATA Box Sequences The Mantel-Haenszel test involved constructing a two-way contin-
Length gency tables for all possible gene and 8-mer combinations. An
Typical reported consensus sequences for a TATA box are about example of a contingency table for one gene is shown in Table 4.
5–6 base pairs in length (Cliften et al., 2003; Hahn et al., 1989; Singer “T5” was calculated using the following formula and has an approxi-
et al., 1990). However, TBP binds to 8 bp of DNA (Kim et al., 1993a, mately normal distribution:
1993b), and so the consensus was allowed to vary up to 8 bp
in length.
Consensus
The second constraint required the sequence to have the following T 5 

AllGenes
N11  
AllGenes
R1C1
T

AllGenes
R1C1R2C2
T 3
minimal consensus TA(A/T)(A/T)NNNN (where A/T denotes A or T,
and N denotes any nucleotide), generating 1024 possible TATA-like
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Conservation of 1024 8-mers across Four Sensu Stricto filtered to remove any signal that was less then one standard devia-
tion above local background. Three replicates were performed andSaccharomyces species
3523 intergenic ClustalW alignments for S. cerevisiae, S. bayanus, their log2 ratios (enriched/input) were averaged.
S. kudriavzevii, and S. mikatae were from Cliften et al. (2003). The
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